Although recent studies revealed chondroitinase ABC (ChABC), an enzyme that degrades chondroitin sulfate proteoglycans, promotes CNS regeneration in vivo, the usefulness of its application for transplantation is not clear. We investigated if treatment with ChABC can promote synapse formation between graft and host neurons following retinal transplantation. Dissociated retinal cells were prepared from neonatal Nrl-GFP transgenic mice in which rod photoreceptors and their progenitor cells are labeled with GFP. Each cell suspension with or without ChABC (Nrl/ChABC group and Nrl group, respectively) was injected subretinally into the eyes of mice following chemically induced photoreceptor degeneration. The survival and functional integration of the transplanted photoreceptors were examined by histologically and electrophysiologically. Up to 4 weeks after transplantation, almost all the grafted GFP+ photoreceptor cells were widely distributed at the outer margin of the host retina where the photoreceptor layer was located originally. In the Nrl/ChABC group, 33.6% of the GFP+ photoreceptors elaborated neurites horizontally or vertically, and 4.6% elaborated neurites toward the retina. These neurites extended over the glial seal at the graft-host interface, and established synaptic contacts with neurons in the host retina as determined by confocal microscopy and three-dimensional analysis. Although 30.7% cells (p = 0.68) elaborated neurites in the Nrl group, only 1.2% cells (p < 0.05) projected neurites towards the host tissue and synaptic contacts were rare. Our results illustrate the potential utility of ChABC for enhancing synaptogenesis between transplanted neurons and host retina.
INTRODUCTION
efforts have resulted in little evidence of host-graft synaptic formation and functional recovery. In addition, when using small animal models as recipients, such as Transplantation has emerged as a promising strategy and has been widely used to examine the regenerative the rd mouse, a model of retinal degeneration including retinitis pigmentosa, technical difficulties associated limitations of the central nervous system (CNS). Various types of cells prepared with a variety of different meth-with the transplantation procedure have prevented precise evaluation of host-graft interactions (15) . ods and combinations have been transplanted into many tissue types, including retina, in animal models of the There is an increasing awareness of the environmental changes in the host retina triggered by photoreceptor dysfunctional or degenerating CNS (19, 26, 30, 34, 35, 43) . However, most have achieved only a limited degree of degeneration and surgical manipulation (20) (21) (22) 36) . A recent study screening many photoreceptor degeneration success. For example, photoreceptors have been transplanted to degenerated retina both experimentally (15, models with computational molecular phenotyping reveals that Müller cells gradually migrate to the outer 24, 37, 39, 40, 42, 49, 51, 53) and clinically in attempts to repair the eye and restore the vision (2, 18, 38) , but these borders of the retina and form a the thick seal of cell processes (21) . Surgical manipulation induces reactive photoreceptors, was administered at a dose of 60 mg/ kg to adult C57Bl/6 mice (postnatal 6-7 weeks) by IP gliosis and increases of the production of chondroitin sulfate proteoglycans (CSPGs) in the extracellular ma-injection 7 days before transplantation (10, 31, 50) . trix (ECM) of host retina. This environment is nonpermissive for the migration of transplanted retinal or reti-Transplantation Procedure nal progenitor cells into host retina (22) . Thus, glial
One microliter of dissociated Nrl-GFP+ photorecepscarring that accompanies photoreceptor degeneration tor cell suspension (1.0 × 10 5 cells/µl each) without or and surgical manipulation forms physical and chemical with ChABC (0.025 U/µl, Wako, Tokyo, Japan) (Nrl barriers that separate retinal transplants from host retina. group and Nrl/ChABC group, respectively) or 1 µl of This glial scar has not been studied extensively in PBS (sham group) was drawn into a tapered glass piretinal transplantation studies but is commonly regarded pette connected to a modified tube and injected through as a major hurdle to repairing the injured CNS (4,7, the sclera into the subretinal space. The procedure was 14, 17, 27, 41, 52) . At the lesion site, the glial scar contribperformed under surgical microscope. The constitutive utes to the abortive neural regeneration observed after expression of GFP by the transplanted photoreceptors CNS injury (8, 9, 16, 21, 32, 52) . Several CSPGs are upregallowed us both to distinguish grafted GFP+ neurons ulated in the ECM at the glial scar and contribute to the from host retina and to determine graft-host connectivneurite-inhibitory activity present throughout the CNS ity even after long survival times. (5, 11, 25, 27, 44) .
Treatment with chondroitinase ABC (ChABC), a Tissue Processing bacterial enzyme that degrades CSPG glycosaminoglycan side chains, promotes CNS regeneration in vivo (3,6, Two or 4 weeks after surgery, the animals were 12, 23, 29, 33, 47, 54) . Accordingly, application of ChABC deeply anesthetized by injection of pentobarbital and may enhance the integration between transplant and host then perfused transcardially with 4% paraformaldehyde retina. To test this hypothesis, we compared the results (Merck, Darmstadt, Germany) in 0.1 M phosphate of retinal transplantation with or without treatment with buffer. Eyes were removed and immersion fixed with ChABC using a mouse model of photoreceptor degener-4% paraformaldehyde at 4°C overnight and then in 25% ation induced by a single injection of N-methyl-N-nitrosucrose-PBS to cryoprotect. The specimens were emsourea (MNU).
bedded in an optimal cutting temperature compound (Miles, Elkhart, IN) and consecutive 12-µm frozen sec-MATERIALS AND METHODS tions were sliced on a cryostat.
Experimental Animals
The experimental procedures for this study strictly Immunofluorescence conformed to the Guidelines for Animal Experiments of Sections were washed in PBS, preincubated with a Kyoto University and the ARVO Statement for the Use blocking solution (containing 20% skim milk and 0.3% of Animals in Ophthalmic and Vision Research. All ani-Triton X-100 in PBS) for 30 min, and then incubated mals used here were fed laboratory chow ad libitum with overnight at 4°C with primary antibodies diluted in a free access to water and kept on a 14:10-h light-dark blocking solution (containing 5% skim milk and 0.3% cycle.
Triton X-100 in PBS). The primary antibodies and Preparation of Donor Cells and Recipients working dilutions were as follows: mouse and rabbit anti-GFP (1:500, Molecular Probes, Eugene, OR), mouse Donor cells were prepared as described from P0-P2 neural retina leucine zipper (Nrl) transgenic mice. Nrl, a monoclonal CS-56 IgM antibody (1:200, Sigma) that reacts specifically with chondroitin sulfate containing pro-transcription factor that is preferentially expressed in rod photoreceptors and implicated in rod-specific gene regu-teoglycans, and anti-vesicular glutamate transporter 1 (VGluT1; 1:100, Chemicon, Hampshire, UK), a marker lation and photoreceptor differentiation (1, 28, 46) , was modified to express enhanced green fluorescent protein for active presynaptic formation (13), or anti-synaptophysin (1:500, Dako, Denmark). Sections were incu-(GFP; Nrl-GFP transgenic mice). Briefly, eyes were enucleated, and the neural retinas dissected and dissoci-bated for 90 min with secondary antibodies diluted 1: 500 in PBS containing 5% skim milk and 0.3% Triton ated with a papain-protease-DNase solution. In the retina of Nrl-GFP transgenic mice, rod photoreceptor and X-100. The secondary antibodies used in this study were as follows: goat anti-mouse IgG (H+L) antibodies rod precursor cells are identified with fluorescence (1).
MNU (Sigma, St. Louis, MO), an alkylating agent (Alexa Fluor 488, Alexa Fluor 594; Molecular Probes) and goat anti-rabbit IgG (H+L) antibodies (Alexa Fluor that induces photoreceptor degeneration by forming 7methyldeoxyguanosine DNA adducts in the nuclei of 488, Alexa Fluor 594; Molecular Probes). Sections were counterstained with Cytox blue to reveal cell nuclei two-dimensional cross-sectional images (x-z scan, y-z scan). (1:500 in distilled water; Molecular Probes).
Images were collected with a laser scanning confocal Analysis of Tissue Sections microscope (TCS SP2, Leica, Heidelberg, Germany). To verify the colocalization of GFP and VgluT1 obtained in Cells were counted using a 63× objective in every 10th section to sample across the entire retina. In each the x-y plane, stained profiles appearing in serial optical sections were rescanned along the z-axis, producing section, cells expressing GFP in each layer of the retina were counted. The GFP+ cells residing at the outer mar-eyes in a full-field stimulus dome (6.5 cm diameter; Sanso). Responses were amplified, filtered, digitized, gin of MNU-treated host retina where the photoreceptor cells had originally existed were counted as residing and computer averaged at all intensities. The amplitude of the a-wave was measured from the prestimulus base-within outer nuclear layer (ONL) and/or outer plexiform layer (OPL). The percentage of GFP+ cells bearing neu-line to the a-wave trough. The amplitude of the b-wave was measured from the trough of the a-wave to the crest rites per GFP+ cells within the retina was also determined. To quantify the dendritic growth of transplanted of the b-wave. Data were analyzed offline using pClamp8 (Axon Instruments). cells, GFP+ cells with neurites that had extended into the host retina were counted and expressed as the per-RESULTS centage of GFP+ cells residing within the retina. Statistical significance was determined by Student's t-test. A
The effect of MNU treatment on retina was confirmed. MNU treatment initiates apoptosis in all photo-value of p < 0.05 was considered to be statistically significant.
receptors within 1 week of injection (50) . At 2 days after injection, TUNEL assays revealed nuclear labeling in Electrophysiology the majority of the photoreceptor cells and invariably negative staining in the other cell layers (data not Electrophysiological recordings were performed as published previously (48) . Briefly, following overnight shown). Immunostaining of retinal sections at this time point with Cytox blue indicated that the thickness of dark adaptation, each mouse was anesthetized by IP injection of an anesthetic cocktail (150-200 µl) consisting ONL has decreased remarkably. At 1 week after injection, no TUNEL staining was observed (data not of 0.04 ml/ml ketamine, 0.13 ml/ml xylazine, and 0.1 g/ ml ethyl carbamate diluted in PBS. Pupils were dilated shown), as reported previously (10,31). Immunostaining against VgluT1 and counterstaining with Cytox blue re-with 0.5% tropicamide. Animals were placed on a regulated heating pad under dim red illumination and elec-vealed that ONL was essentially destroyed (Fig. 1B) . VgluT1 was present only in the internal plexiform layer troretinograms (ERGs) were recorded with a gold loop electrode placed on the corneal surface maintained with (IPL) whereas intense VGluT1 immunoreactivity was distributed in IPL and OPL for age-matched controls 3% methylcellulose gel. A stainless steel reference electrode and ground electrode were inserted subcutaneously ( Fig. 1A) . To examine electrophysiological changes, we performed ERGs on these mice. ERG traces from MNU-on the head and in the tail of the mice. A strobe flash stimulus was performed to the dark-adapted, dilated treated mice demonstrated these animals were insensi-tive to visual stimulation as no responses were detect-tics of glial scarring are the upregulation of CPSG and GFAP expression. We observed increased staining in-able (Fig. 1C, D) , analogous to the data obtained by immunostaining.
tensity for both CS-56, an antibody that recognized CSPGs, and GFAP at the outer margin of host retina The degree of glial scarring induced by the transplantation procedure in chemically degenerated retina was around the injection site (Fig. 2B) compare to the retina without injection ( Fig. 2A) . Similar changes are ob-also evaluated at 2 days after surgery. Two characteris- served at the lesion site elsewhere in the CNS (5,11, the host retina in both groups (99.63 ± 0.52% in Nrl/ ChABC group, 99.14 ± 0.87% in Nrl group, p = 0.31, 27,44).
To determine the effect of ChABC, we compared the n = 5 for each group) ( Fig. 4B ). We estimated neurite outgrowth from the grafted outcome of transplantation using GFP+ photoreceptor cells with or without application of ChABC. We propose cells of both groups by counting the number of GFP+ cells that extended neurites. In the Nrl/ChABC group, that degenerated retina can be repaired and retinal function might be rescued and/or recovered if the dysfunc-33.61 ± 9.68% of GFP+ cells within the retina sprouted neurites. Roughly the same percentage of cells with neu-tional photoreceptors can be replaced with new, healthy photoreceptors that can make appropriate synaptic con-rites were observed in the Nrl group (30.73 ± 4.89%) (p = 0.68) (Fig. 4C) . In contrast, 4.60 ± 2.83% of the nections with the remaining functional circuitry within the retina. At 2 weeks after transplantation, grafted GFP+ Nrl-GFP+ photoreceptors extended neurites toward the host retina in Nrl/ChABC group, while only 1.23 ± photoreceptor cells in both groups were widespread at the outer margin of the host retina where the photorecep-1.47% of neurons in the Nrl group extended neurites toward the host tissue. This difference is significant tor layer had originally resided. Morphologically, very few of GFP+ photoreceptor cells had extended neurites.
(p < 0.05) (Fig. 4D) . To examine the relationship between neurite formation by the grafted cells and glial The cell distribution and morphology were similar for both groups (n = 3 for each group) (Fig. 3A, B) . The scarring of host retina, we performed immunofluorescent double staining for GFP and CS-56, VgluT1, or relative distribution pattern of the transplanted cells from the ChABC-treated group is indistinguishable from synaptophysin. GFP+ neurites directed toward the host retina in the Nrl/ChABC group extended over the untreated (Fig. 4A) . The majority of the grafted GFP+ photoreceptor cells were present at the outer margin of CSPG-rich ECM at the outer margin of the retina to contact neurons beyond this border (Fig. 3D) . In addi-staining was more frequent where the transplanted cells extend their neurites (Fig. 5D ). In contrast, these mor-tion, these GFP+ neurites were immunopositive for VgluT1 (Fig. 5B ). Colocalization between GFP and phologies were rarely observed in the Nrl group (Figs. 3C, 5A), although some neurites extended toward the VgluT1 was determined by three-dimensional analysis of a z-series of images collected with a confocal micro-host retina.
To evaluate whether these transplants could induce scope (Fig. 5C ). We interpret these points of colocalization to be synaptic contacts between the grafted photore-functional recovery, we performed ERG recordings 1 month after transplantation into the MNU-treated mice ceptor cells and the host retina. Some transplanted neurons extended processes that resembled photorecep-that had suffered complete retinal degeneration. Of 12 mice examined, one animal exhibited an a-wave-like re-tor outer segments and established contact with the retinal pigment epithelium. We also observed synaptophy-sponse in the treated eye but not the contralateral control eye (Fig. 6) . Moreover, the ERG amplitudes increased sin, a well-known marker for synaptic formation, proportionally to the extent of light intensity (ND0-This glial seal thickens as photoreceptor degeneration proceeds. Transplantation procedures may also promote ND3). These results may indicate a functional recovery to some extent. However, the other 11 eyes receiving glial scarring and render the host tissue less permissive to host-graft integration (22) . Upregulation of CSPGs transplants and chondroitinase treatment showed rarely to any recognizable a-or b-waves, all the contralateral has been reported following subretinal transplantation and likely contributes to abortive host-graft integration. eyes of which showed no detectable response.
However, the precise localization where CSPG was DISCUSSION upregulated in the host retina was not examined in this prior study. We have demonstrated that application of ChABC enhances the neurite extension of the transplanted cells
In the present study, we found that CSPG expression is upregulated at the outer margin of the retina around into the degenerated retina and promotes host-graft synapse formation.
the transplantation site, consistent with previous reports. This upregulation of CSPGs in the ECM near the lesion The physical or chemical barriers presented by glial scarring contribute to the failure of axon regeneration site in the CNS is triggered by reactive astrocytes in the glial scar at the right time and place to play a crucial after injury to the CNS (4,7,9, 14, 17, 25, 27, 41, 52) . CSPGs are among the main inhibitory extracellular matrix mole-role in regeneration failure. It is likely that reactive gliosis and the resultant increase of the production of CSPGs cules produced by reactive astrocytes. With regard to the retina, a part of the CNS, reactive gliosis may be in the ECM, triggered by photoreceptor degeneration and/or surgical manipulation, constitute a physical bar-responsible for poor host-graft integration (21, 22, 52) . New evidence has emerged that photoreceptor degenera-rier preventing graft-derived axons from entering the host retina. This concept has not been focused on as a tion triggers retinal remodeling through at least three types of major transformations (21) . One of these trans-component of a cell transplantation strategy despite the numerous retinal transplantation studies that have failed formations is retinal reconstruction involving migration of Müller cell somata to the outer border of the retina, to integrate graft neurons into the host tissue.
Another study employing an in vitro model system followed by formation of a seal of Müller cell processes. To overcome the inhibitory environment of glial scar, REFERENCES work from many laboratories has demonstrated that chondroitinase treatment is effective at removing the in- cally acts on retinal fiber sprouting after denervation of
